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inherent corrosion resistance to a naturally occurring passive oxide 22 which forms on the metal when exposed to the atmosphere. 1 This 23 oxide is nanometre in thickness which limits the metals performance 24 against extreme mechanical and chemical attack. Anodising is a process which increases the thickness of the alu-26 minum oxide through an electrochemical reaction in acidic elec-27 trolytes such as sulphuric, phosphoric or oxalic acids. 1 The features 28 and properties of the anodic oxides produced are dependent on many 29 parameters including the aluminum alloy, electrolyte type and anodis-
30
ing conditions (e.g. temperature and current density). The process is 31 commonly used to increase corrosion resistance and adhesion proper-32 ties of the aluminum surface for a variety of applications.
33
The anodised aluminum oxide layer is nanoporous in structure with 34 a self assembled, hexagonal array of pores extending from the surface
35
of the oxide to a thin barrier layer at the metal oxide interface. The 36 oxide growth and nanopore formation mechanism is a result of flow 37 of anodic alumina in the barrier layer region due to the combination of 38 growth stresses and field assisted plasticity. [3] [4] [5] The stresses that drive acid anodised layers on copper free wrought alloys.
58
In the case of copper containing alloys, the protection properties within the oxide network. 12 The presence of Cu as well as the random 62 orientation of the pores leads to difficulties with hydration sealing. To improve the protection on copper containing alloys, novel anodis-64 ing processes have been developed including boric-sulphuric (BSAA) 65 and tartaric-sulphuric (TSAA) acid anodising for corrosion and ad-66 hesive bonding applications. TSAA in particular offers significant 67 advantages over thin film SAA due to the Cu chelating ability of 68 the tartrate ions which increases the barrier properties of the formed 69 layers.
14 70
Despite the development of novel anodising treatments for cop-71 per rich aluminum alloys, the corrosion protection afforded by the 72 anodic layers is limited. To fully protect the aluminum metal the de-73 velopment of novel sealing technologies is required. Sol-gel materials 74 have been extensively studied for corrosion control replacements for 75 Cr(VI) based conversion coatings and are currently being investigated 76 as potential sealing technologies for anodised aluminum. 9 The sol-gel 77 process can be used to form nanostructured inorganic films (typically 78 200 nm to 10 μm in overall thickness) that can be tailored to be 79 more resistant than metals to oxidation, corrosion, erosion and wear 80 while also possessing good thermal and electrical properties. [15] [16] [17] The 81 chemistry of the sol-gel process is well known [18] [19] [20] with excellent 82 reviews 21-23 and books 24 available. The most common sol-gel ma-83 terials used as coatings are based on organically modified silicates 84 (ormosils), which are formed by the hydrolysis and condensation of 85 alkoxide precursors. Sol-gel coatings can potentially be tailored to act as sealing agents 87 for anodised aluminum. There are however some inherent problems 88 associated with the combination of sol-gel chemistry and sulphuric 89 acid anodised aluminum layers. Migration of sol-gel materials into 90 the aluminum oxide pores can be limited. 26 Furthermore the presence 91 of sol-gel material in the pores of the anodic layers has shown to 92 postpone or fully inhibit the natural hydration of the anodic layers. 93 For the deposition of sol-gel materials on anodic layers it is essential to 94 achieve encapsulation into the porous oxide matrix. This ensures that 95 the hardness and abrasion resistance properties of the anodised surface 96 are afforded to the sol-gel network. It has been reported that sol-gel 97 coatings applied on TSAA anodised aluminum delaminate from the 98 oxide surface after extended corrosion testing. 27 If encapsulation is 99 achieved it is critical that the presence of the sol-gel sealer does not 100 affect the hydration and auto-sealing mechanisms of the anodic layers. 101 For adhesion applications where increased corrosion resistance is 102 not a factor, phosphoric acid anodising (PAA) is also a commonly 103 utilised. 1 The large pore diameters as well as the slow hydration 104 rate of the PAA oxide makes it ideal as an intermediate treatment 105 between the aluminum metal and any applied coatings or adhesives. 106 Unlike the SAA process, PAA treatment imparts limited additional 107 protection to the aluminum surface as hydration induced sealing is not 108 possible, which limits its use in anti-corrosion applications. Recently 109 PAA has been utilised as a successful encapsulation matrix for sol-gel 110 coatings 9 however protection properties are limited due to the absence 111 of significant oxide hydration. In order to achieve both encapsulation The surfaces were then rinsed in de-ionised water for 10 min to 182 remove any residual electrolyte from the pores. The parts were 183 then immersed in the sulphuric acid electrolyte. AA2024-T3 and 184 Clad AA2024-T3 were anodised for 5 and 2 min respectively at 185 1.5 A/dm 2 of aluminum surface area.
186
All anodised samples were rinsed for 20 min in de-ionised water and 187 air dried prior to sol-gel application and testing.
188
Sealing in sol gel.-For the PAA and SAA surfaces the sol-gel 189 solution was applied immediately after rinsing and drying by a dip 190 coating process. The DA surface was hydrothermally sealed in de-191 ionised water at 95
• C ± 5 for 5 min prior to sol-gel dip coating. In 192 all cases the dip cycle consisted of a 20 minute immersion step in the 193 sol-gel solution following withdrawal at a rate of 10 mm.min −1 . The 194 panels were then cured in an oven at 110
• C for 16 hours. Hydrother-195 mally sealed (HTS) equivalents of the DA and SAA layers were also 196 produced for comparison.
197
Electron microscopy.-The anodised films were analyzed by elec-198 tron microscopy using a Hitachi SU 70 Field Emission Scanning Elec-199 tron Microscope (FESEM). Anodic film cross sections were prepared 200 by bending the aluminum sample over 180
• to induce micro-cracks 201 in the oxide layer. The cross section of the crack face exhibits the 202 pore structure of the anodic alumina for imaging at 1.5 -4 keV. For 203 imaging purposes the samples were sputter coated with a 4 nm layer 204 of Pt/Pd using a Cressington 208HR sputter coater.
205
Dot Map energy dispersive X-ray spectroscopy was conducted 206 using an Oxford instruments INCA X-MAX Energy dispersive X-ray 207 spectrometer attached to the FESEM. Cross sections were prepared 208 by mounting samples in epoxy resin then grinding and polishing to a 209 mirror finish using progressive grades of carbide paper and polished 210 to a 1 μm finish with a diamond solution. The polished cross sections 211 were coated with 5 nm of carbon using a Cresssington 208C Carbon 212 evaporation coating unit. The Si based sol-gels can be identified by 213 analysing the Si species overlapping with the oxide layer species such 214 as O, P and S.
215
Electrochemical impedance spectroscopy.-Electrochemical 216 Impedance Spectroscopy (EIS) was conducted on the anodised 217 and sealed AA2024-T3. EIS was carried out using a Solartron SI 218 1287/1255B system comprising of a frequency analyser and potentio-219 stat operated by CorrView and Z Plot software. A 3.5% NaCl solution 220 was used as the exposure electrolyte and the area of the surface ex-221 posed was 4.9 cm 2 . A single area of each system was exposed and 222 evaluated. All measurements were made at the open circuit potential 223 (E oc ) with an applied 10 mV sinusoidal perturbation in the frequency 224 range 1 × 10 6 to 1 × 10 −1 Hz (10 points per decade). It was found that 225 frequencies lower than this range produced data points with significant 226 noise. Before measurements were taken the open circuit potential was 227 allowed to stabilise to maximum perturbation of 5 mV. Prior to each 228 experiment a calibrated dummy cell was used to ensure the correct 229 measurement of the system. A calibrated reference electrode, checked 230 against an unused control electrode, was used for each experiment. the metal can occur during the SAA cycle due to the insulating effect 283 of the previously formed PAA layer. The critical requirement for the 284 formation of DA layer without burning of the aluminum surfaces is 285 the reduction of the barrier layer thickness of the PAA layer prior to 286 the SAA anodising.
287
After conducting the initial PAA process a porous layer with a 288 relatively thick barrier layer is formed, Figure 2a . The barrier layer 289 formed at the base of the pores is approximately 40 nm in thickness as 290 measured by SEM analysis. It is known that the charge transfer across 291 the barrier is due to ionic conduction of the anodising electrolyte ions 292 as well as Al 3+ and O 2− ions. 34, 35 If the barrier layer thickness is not 293 decreased prior to the SAA process, the application of the second 294 lower steady state anodising potential is not sufficient to allow ionic 295 transfer across the barrier layer. Rather than distributing uniformly 296 across the metal surface, the current will conduct through the point of 297 least resistance. It was found that the process of in-situ electrochemical 298 thinning of the barrier layer (Figure 2b ) prior to the second anodising 299 process is critical to prevent burning and dissolution of the metal 300 surface due to large build up of current density at weak spots in the 301 first anodic layer.
302
Barrier layer thinning (BLT) utilises the self regulating nature of 303 the anodising process. 36 By rapidly limiting the current at the end 304 of the PAA process to half of the steady state anodising current, the 305 voltage will gradually decrease from the set 40 V to a lower value. 306 During this decrease in voltage, the self regulating characteristic of the 307 anodising process results in a corresponding thinning of the barrier 308 layer Figure 2b . Once a second steady state anodising voltage is 309 reached, the anodising current can again be halved which results in 310 a further voltage drop and continued barrier layer thinning. This step 311 can be further repeated and by sequentially limiting the current in 312 this way a final steady state voltage of the first anodising process 313 can be lowered below the initial anodising voltage of the second 314 anodising process. The results of a BLT process to 10 V and 2 V 315 can be seen in FESEM images in Figure 3 . By lowering the forming 316 voltage to 2 V it can be seen that the barrier layer is almost completely 317 removed. Complete removal of the barrier may however compromise 318 the interfacial adhesion between the anodised layers. Barrier layer 319 thinning to a forming voltage of 10 V is sufficient to allow the second 320 anodising process to proceed and in the present study a single current 321 limiting step was required.
322
Once the BLT PAA anodised aluminum is immersed in the SAA 323 electrolyte and a potential above 10 V is applied, ionic conduction 324 across the barrier layer will occur. This results in a thickening of 325 the barrier layer and SAA layer pore nucleation initiates. The SAA 326 layer growth then proceeds uninhibited, Figure 2c . The use of an 327 
343
The PhTEOS exhibits penetration into all surfaces and previous 344 research has shown that the particle size is sufficiently small to allow 345 penetration.
9 On the SAA layer, which contains the smallest pore di- Electrochemical impedance spectroscopy.-EIS analysis was 358 conducted on the un-clad 2024-T3 as the electrochemical response 359 is from the copper rich base metal which is more susceptible to cor-360 rosion than the clad material.
361
The impedance and phase shift spectra for the SAA anodisation 362 with sealers, HTS, PhTEOS and Si-Zr, can be seen in Figure 5 . The 363 HTS sealed SAA layer exhibits a characteristic single time constant 364 response. Limited hydration sealing of the pores is detected which is 365 consistent with previous work.
9 Both sol-gel sealers display increased 366 impedance values, for all frequencies, indicating increased barrier 367 properties of the sol-gel sealers compared to the HTS equivalent. 368 The SAA PhTEOS system displayed a single time constant response 369 indicating that the contributions from the sol-gel sealer and the barrier 370 layer cannot be distinguished. From the EDX analysis it is known that 371 In contrast the SAA Si-Zr system exhibited a second time constant.
376
As this sol-gel system acts as a surface coating on the anodic layer, the 
383
The impedance and phase shift spectra for PAA sealed anodic 384 layers can be in Figure 6 . The sol-gel sealers showed an increase in 
397
The PhTEOS sealer shows higher impedance than both the PAA blank 398 and the PAA Si-Zr sample. This may be due to better penetration of 399 the PhTEOS sol-gel to the base of the pores to the barrier layer.
400
The impedance and phase shift spectra for DA sealed anodic lay- PhTEOS sealed surfaces begin to increase marginally in impedance.
433
The rapid deterioration of the PAA layer, despite achieving full encap- 
444
With the exception of the PhTEOS sealed PAA layer the anodised 445 AA2024 surfaces appear stable up to 3000 h exposure. This is a 446 significant duration for immersion in a chloride rich solution without 447 a considerable loss in barrier properties.
448
Neutral salt spray.-Neutral salt spray exposure was also con-449 ducted on the anodised and sol-gel sealed samples and a corrosion 450 rating has been assigned as per -------DA  BLANK  72  0  12  200  -----SAA  PhTEOS  24  1  12  50  100  ----PAA  PhTEOS  24  50  200  ------D to the unsealed SAA. This is possibly due to the effect on hydration 461 due to the presence of the sol-gel within the aluminum oxide network.
462
The sol-gel may retards the hydration of the surfaces as has been 
519
This indicates that the encapsulation of the sol-gel coatings in 520 anodic alumina presents a significant improvement in rain erosion. 521 The weight loss of the bare anodic layers or sol-gel encapsulated 522 layers is minimal.
523
Sol-gel materials have been studied extensively for replacement 524 of chromate materials as they can act as reservoirs for active corro-525 sion inhibitors. However for many sol-gel coating additives there is a 526 critical concentration after which the additive affects the film forming 527 properties and integrity of the applied sol-gel film. Excess amounts 528 of corrosion inhibitors have shown to have a negative effect on film 529 forming properties of sol-gel coatings. [41] [42] [43] By utilising a duplex an-530 odic oxide, the active corrosion inhibitors can be incorporated in the 531 SAA layer at a significantly higher concentration while the sol-gel 532 can be encapsulated in the porous PAA network. As shown from the 533 results, the DA layer is particularly suitable for sol-gel sealing. Due 534 to the low thickness of sol-gel coatings, the PAA layer can be tailored 535 to result in full encapsulation of the sol-gel coating within the anodic 536 structure. Furthermore, conventional sealing methods can be applied 537 to the SAA base layer of the DA structure. This results in elevated 538 corrosion resistance while also preventing the sol-gel material from 539 migrating into the SAA pores. This becomes particularly important 540 with clad AA2024 or non copper containing alloys as the natural 541 hydration properties of SAA layer is therefore not affected by the 542 presence of the sol-gel material. The DA process developed can also 543 be utilised for adhesion and bonding applications while also retaining 544 a significant level of corrosion resistance on aluminum alloys.
545

Conclusions
546
Duplex anodic layers have been developed to achieve sol-gel en-547 capsulation in porous anodic alumina to ensure that the natural hydra-548 tion properties of anodised aluminum is retained. By encapsulating 549 sol-gel materials in phosphoric acid anodised aluminum the mechan-550 ical properties of the sol-gel coatings are enhanced. By forming a 551 sulphuric acid anodised layer between the sol-gel/oxide composite 552 and the substrate the combined corrosion resistance is significantly 553 enhanced. The value of utilising the duplex anodic layers is evident 554 due to the achievable anti-corrosion performance on corrosion prone 555 2024-T3, sealed with a simple organically modified silane based sol-556 gel. The performance is further enhanced by applying a Si-Zr hybrid 557 sol-gel with active tetrazine based inhibitor. For all systems the ab-558 sence of the sol-gel from the pores of the SAA layers is critical to 559 allow the natural or accelerated hydration of the systems to proceed. 560
